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The Nb-Ta-Sn pegmatites and Sn quartz veins of the Rwamagana-Musha-Ntunga area in eastern Rwanda
are part of the Mesoproterozoic Karagwe-Ankole Belt. These commodities are on a regional scale
spatiotemporally associated to the early Neoproterozoic fertile G4-granite generation. Although a tran-
sition from the lithium-cesium-tantalum pegmatites to cassiteriteemicroclineequartz veins has been
observed in the Rwamagana-Musha-Ntunga area, the structural control and the paragenetic relationship
between the mineralized pegmatites and the Sn bearing quartz veins is largely unknown. Consequently,
this study investigates the occurrence of pegmatites and quartz veins and the structural and lithological
controls on their emplacement.
The metasediments in the area are affected by a regional compressional regime with a shortening
direction oriented N70E, which resulted in a N20W-oriented fold sequence. The Lake Muhazi granite is
present in center of the Karehe anticline. The structural orientations of pegmatites and quartz veins show
that two important factors control their emplacement. The ﬁrst control is the reactivation of pre-existing
discontinuities such as the bedding, bedding-parallel joints or strike-slip fault planes. In view of the
regional structural grain in the Rwamagana-Musha-Ntunga area, this corresponds with abundant N20W-
oriented pegmatites and quartz veins. The reactivation is strongly related to the lithology of the host
rocks. The Musha Formation, which mainly consists of decimeter- to meter-scale lithological alternations
of metapelite, metasiltstone and metasandstone, represents the most suitable environment for bedding
reactivation. This is reﬂected in the predominance of bedding-parallel pegmatites and quartz veins
hosted by the Musha Formation. Strike-parallel joints were mainly observed in the competent lithol-
ogies. The second controlling factor is related to the regional post-compressional stress regime. New
joints initiated upon emplacement of the pegmatites and quartz veins. The orientations of these joints
are inﬂuenced by the regional stress regime and resulted in steep EW-oriented pegmatites and quartz
veins in the Rwamagana-Musha-Ntunga area. The pegmatites and quartz veins are interpreted as being
initiated upon emplacement under inﬂuence of the prevailing regional stress regime. This post-
compressional stress regime is characterized by a subvertical maximum compressive stress.
© 2017 Elsevier Ltd. All rights reserved.ulsbosch).1. Introduction
The Karagwe-Ankole belt is located in the Great Lakes area of
Central Africa and covers parts of Rwanda, Burundi, Uganda,
Tanzania and eastern Congo. It forms a belt of Paleo- and Meso-
proterozoic supracrustal units, mostly metasedimentary rocks with
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ozoic S-type granitoid massifs and subordinate maﬁc bodies (Tack
et al., 2010; Fernandez-Alonso et al., 2012). The Karagwe-Ankole
belt (KAB) hosts a large metallogenic province that contains
numerous early-Neoproterozoic leucogranite-related ore deposits,
with the typical metal association of Sn-W-Nb-Ta. The metals are
present in different styles of primary mineralization. Pegmatites
can be found mineralized with Nb-Ta-Sn minerals, while quartz
veins can contain Sn or W mineralization. Fractional crystallization
of fertile leucogranitic magmas resulted in a regional differentia-
tion and Nb-Ta-Sn enrichment of lithium-cesium-tantalum peg-
matites (LCT; e.g. Gatumba-Gitarama areas of western Rwanda;
Hulsbosch et al., 2014). The Sn and W mineralized quartz veins
occur in the same regional structural setting (Dewaele et al., 2010).
The genesis of W quartz veins systems is directly related to the
differentiation of the leucogranite systems (Hulsbosch et al., 2016).
Magmatic ﬂuid saturation and W-ﬂuid mobility acted as the main
metallogenetic processes and started prior to or at the gran-
iteepegmatite transition stage resulting in apical to peribatholitic
tungsten vein systems that are paragenetically older than the ﬁnal
pegmatite stage (Hulsbosch et al., 2016). In case of the Sn quartz
vein systems, a direct relationship with the granite-pegmatite suite
is not always straightforward. According to Varlamoff (1972), Pohl
(1994) and Lehmann et al. (2014), the quartz veins are crystalline
aliquots of the most evolved ﬂuids escaping from the granite-
pegmatite system, while others prefer a recycling hypothesis in
which Sn was mobilized from primary magmatic rocks by a
metamorphic hydrothermal ﬂuid system that was generated after
crystallization of the granites and pegmatites (Dewaele et al., 2010).
A transition from LCT pegmatites to quartz-muscovite-cassiterite
veins and partly albitized quartz-microcline-muscovite veins is
observed at depth in the Ntunga mine in Rwanda (Varlamoff, 1969)
but in most cases, pegmatitic and vein deposits are clearly spatially
separated (Pohl et al., 2013). However, the structural control and
the relationship between the mineralized pegmatites and the Sn
quartz veins are largely unknown. In general, the tectonic origin
and relative time relationships during pegmatite and vein em-
placements have important implication on themetallogenesis of Sn
deposits (Marignac, 1982).
Consequently, this study aims to reconstruct the structural
setting during the emplacement of Sn-Nb-Ta mineralized pegma-
tites and Sn-mineralized veins at their type-locality in the
Rwamagana-Musha-Ntunga area (eastern Rwanda). This area has
been selected for study since both Nb-Ta-Sn mineralized pegma-
tites and Sn quartz veins co-occur in the area. Geological mapping
and structural analysis will allow to determine the relative timing
and structural setting of pegmatite and quartz vein mineralization
related to fertile leucogranites in the KAB. The structural control on
the emplacement of the Sn-Nb-Ta lithium-cesium-tantalum peg-
matites and Sn quartz veins in the Rwamagana-Musha-Ntunga
(RMN) area will be evaluated on the basis of the principles of
stress ﬁeld reconstruction (e.g. Tosdal and Richards, 2001).
Contemporaneous extension fractures and veins are classically
interpreted to open perpendicular tominimum principal stress axis
(s3), and propagate in the s1-s2 plane (Cosgrove, 1995). Hence, if
their orientation is uniform over larger areas, sets of extension
veins can be employed as reliable indicators of the paleostress ﬁeld
during fracturing (Boullier and Robert, 1992; McKeagney et al.,
2004; Van Noten et al., 2011; Jacques et al., 2017).
2. Geological setting
Granite-related pegmatite- and vein-type mineralization in the
Karagwe-Ankole Belt (KAB) are associated with the intrusion of
post-kinematic G4-granites, which were emplaced at 986 ± 10 Ma(U-Pb SHRIMP on zircon; Tack et al., 2010) in the Mesoproterozoic
rock sequences (1.4e1.0 Ga; Fernandez-Alonso et al., 2012). The
Mesoproterozoic rocks have been submitted to a regional greens-
chist facies metamorphism (Baudet et al., 1988). The integration of
the metamorphic evolution, magmatic and deformation events of
the Karagwe-Ankole belt in an integrated geodynamic framework
is still debated (Fernandez-Alonso et al., 2012; Koegelenberg and
Kisters, 2014; Debruyne et al., 2015). The geodynamic setting dur-
ing emplacement of the ~1 Ga, G4 leucogranites and associated Nb-
Ta-Sn-W mineralization ranges from an intracratonic setting
affected by far-ﬁeld tectonics of the compressional event in the
Irumide belt (Tack et al., 2010; Fernandez-Alonso et al., 2012) to a
convergent-collision setting between the Congo Craton and the
Tanzania-Bangweulu Block (Debruyne et al., 2015), possibly related
to the pan-Rodinian Orogeny. A crucial but lacking component in
the understanding of themineralization processes is the spatial and
temporal relationship between the emplacement of pegmatite and
quartz mineralization and the tectonic setting.
The Rwamagana-Musha-Ntunga area is situated in eastern
Rwanda which forms part of the Mesoproterozoic KAB. The KAB is
morpho-structurally shaped by the preferential development of
upright folding of the metasediments (Fernandez Alonso, 2007).
The metasedimentary rocks of the KAB consist mainly of monoto-
nous siliciclastic pelite and arenite sequences, interpreted as
shallow-water deposits (Baudet et al., 1988). Lateral and vertical
facies changes are frequent, varying from starved basins to prox-
imal turbiditic environments, shallow siliciclastic ﬂats and deltaic
zones (Baudet et al., 1988). The Rwamagana-Musha-Ntunga area is
structurally situated in the western part of a regionally
oriented ~ NW-SE upright fold sequence composed of a synclino-
rium (~30 km) in between of the Bumbogo anticline in thewest and
the Mutara anticline in the northeast (Fig. 1). Each of these two
anticlinal structures is associated with a large granitic intrusion in
the center, i.e. the Gitarama and the Mutara pluton respectively
(Baudet et al., 1988). Sub-longitudinal faults are abundantly present
(Baudet et al., 1988; Theunissen, 1988; Theunissen et al., 1991).
Regional folds and faults indicate that the large-scale shortening
direction (s3) was oriented ~ NE-SW. From Rwamagana village
20 km to southwest, the Karehe anticline, the pinched syncline of
Bicumbi and the anticline of Gikoro form a locally continuous and
rather undisturbed regional fold sequence with a general strike of
~N20W (Fig. 1). The anticlinal structures are composed of many
secondary folds on a smaller local scale (Hanon and Rusanganwa,
1991). In the center of the Karehe anticline, the Lake Muhazi
pluton has been emplaced. Four lithostratigraphic formations occur
in the area (from bottom to top): the Nyabugogo, Musha, Nduba
and Bulimbi Formations (Fig. 2). The ﬁrst three formations form
part of the Gikoro Group, which is the oldest group of the Akanyaru
Supergroup. The Bulimbi Formation is part of the Pindura Group of
the Akanyaru Supergroup. The Gikoro and Pindura groups are
deposited between 1420 and 1375 Ma (Fernandez-Alonso et al.,
2012). The Nyabugogo Formation (Ng) is a dominantly psammitic
unit with a minimum thickness of 700 m. The dominant lithology is
a medium-grained, white to pale-beige metasandstone which is
often intensely muscovitized. The bottom of the Musha Formation
(Mh) consists mainly of pale-grey to yellow-beige siltstones inter-
calated with sandstone beds containing clay drapes. The percent-
age of intercalations gradually increases towards the top of the
formation, i.e. a repetitive alternation of metasandstone and met-
asiltstone with metapelite. The scale of alternation varies from a
few centimeters up to a few meters. Heterogeneous quartzite
banks, as well as more psammitic and arkosic units, are present
towards the top of this formation. The uppermost part of theMusha
consists of bluish metapelites alternating with ﬁne, grey meta-
sandstone. The thickness of the Musha Formation is estimated at c.
Fig. 1. Geological map of Rwanda with indications of the major structural units. After Baudet et al. (1988).
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contain massive blue quartzite and metasandstone beds. The
thickness of the Nduba Formation in the Rwamagana-Musha-
Ntunga area has been estimated to be c. 200 m. Only the lower
part of the Bulimbi Formation (Bl) is outcropping in the study area.
The Bulimbi Formation consists of graphite- and pyrite-rich ho-
mogenous black shales alternating grey metapelites and beige
metasandstones.
The pegmatites and quartz veins are situated peripherally
around the Lake Muhazi granite intrusion. Sn-mineralized quartz
veins have been reported to be present in a continuous series with
the pegmatites, and a regional zonation of pegmatites to quartz-
rich pegmatites and quartz veins was observed (Varlamoff, 1969).
Quartz veins sporadically occur in the Nduba quartzites, but more
often in the thinner quartzite beds situated stratigraphically in the
Musha Formation (Varlamoff, 1969). Slatkine (1967) observed that
the richest mineralization, including the quartz-muscovite-
cassiterite veins in the Musha-Ntunga mines, is present in the
pelite-sandstone metasediments corresponding with the Musha
Formation. Exploration and exploitation in the Rwamagana-
Musha-Ntunga area started in the 1930s. The area has produced
mixed cassiterite and columbite-tantalite concentrate (locally
called “coltan”) between 1934 and 1985. This production mainly
came from semi-industrial exploitation of eluvial and alluvial de-
posits, quartz veins and soft, deeply weathered pegmatites (un-
published data Minetain, Somirwa). The area is currently
prospected and mined by Piran Resources Ltd.3. Methodology
Geological mapping of the Rwamagana-Musha-Ntunga area has
been conducted to establish a detailed survey of the structural
control on pegmatite and quartz veins formation in the area
(Fig. 2.). The map of Hanon and Rusanganwa (1991), its accompa-
nying notes and the observation points with pegmatite and quartz
vein occurrences (unpublished data of the Royal Museum for
Central Africa, Tervuren) were used to guide the ﬁeld work. Thestructural dataweremainly analyzedwith the aid of stereoplots. All
structural data are reported as dip direction/dip angle or trend/
plunge (e.g. 120/40) and plotted in Figs. 3 and 4. The programs
Stereonet (fold axis and axial plane calculations) and OpenStereo
(contouring) were used (Grohmann and Campanha, 2010; Cardozo
and Allmendinger, 2013).4. Results
4.1. Structural observations
4.1.1. Folding and faulting
Two major regional folds are observed in the Rwamagana-
Musha-Ntunga area, which correspond to the Bicumbi syncline
and the Karehe anticline, as deﬁned by Hanon and Rusanganwa
(1991). The Bicumbi syncline (Fig. 3A), present in the west of the
RMN area, has a calculated fold axis with an orientation of 337/02
and a vertical axial plane with orientation 067/89. In the western
ﬂank of the syncline, bedding has a dip direction varying between
050 and 090, while the dip angle varies between 40 and 80 E.
Eastern bedding's dip direction varies between 220 and 300 and
dip goes from 30 W to subvertical (exceptionally 10e20 W was
measured). On a regional scale, the Bicumbi syncline is an open,
non-cylindrical fold (interlimb angle of ~80; Fig. 3A) based on the
observed range in S0 measurements in each limb, the variation in
dip direction and the presence of small-scale superimposed EW
cross folds (see below). The Karehe anticline is located in the center
of the study area, but it is largely masked by the Lake Muhazi
batholith. The fold has a calculated fold axis of 166/11 and the axial
plane has an attitude of 077/85 (Fig. 3B). Its western ﬂank is equal
to the eastern ﬂank of the above described Bicumbi syncline. The
axial plane has a similar orientation as the Bicumbi syncline and is
also sub-vertical. Like the Bicumbi syncline, the Karehe anticline is
also non-cylindrical with an open character. Multiple small sec-
ondary folds, more or less parallel to the regional structural trend,
were observed. These are open secondary (parasitic) folds (Fig. 3C).
Also decimeter-scale, asymmetric kink bands occur in metapelitic
Fig. 2. Geological map of the Rwamagana-Musha-Ntunga area of Hanon and Rusanganwa (1991) with the integration of the observed (A) pegmatite and (B) quartz vein outcrops.
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boundaries have an orientation of 040/80. The kink band boundary
is subparallel to the major fold structure, indicating they are
parasitic structures (Fig. 3C). In addition to the regional structure,
different superimposed ~ EW-folds were locally observed (Figs. 3D
and 5D). These folds mostly have an open and symmetrical ge-
ometry. The axial planes of these folds have variable orientations.
The dip of the axial planes varies between 30 and 77, mostly to
the north. The fold axes of these folds are irregular and mostly
moderately plunging (27e60), indicating a more dome-like
structure. These folds disturb the general N20W structural trend.
Few faults were observed in the RMN area (Fig. 3E). These faults
are subvertical, strike-slip faults as indicated by the subhorizontalfault striae. Their dip direction is constrained between 310 and 330.
Both sinistral and dextral movement was observed or deduced.4.1.2. Foliations and lineations
The main cleavage (Sf) developed at an angle to the bedding (S0)
(Fig. 4A). Generally, Sf is parallel to the regional structural trend
and, therefore, interpreted as an axial planar cleavage to the major
fold structure. The Sf-orientation is not always parallel to the
calculated axial planes of the folds. This can be due to local de-
viations (e.g. the superimposed EW folds) or the generally high
competence (metasandstone and metasiltstone) of the lithology.
Intersection lineations between bedding and axial cleavage were
only exceptionally observed. When observed, the orientation was
Fig. 3. (A) Stereoplot of bedding observations (poles) and calculated axial plane and fold axis for the Bicumbi syncline (n ¼ 96), (B) Karehe anticline (n ¼ 67) and (C) secondary
parasitic folds. (D) Stereoplot of the fold axes and axial planes (poles) of the superimposed EW folds and kinkbands. (E) Fault orientations.
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Also some joints were observed in the competent lithologies such
as the Nduba quartzites. Most of the joints are oriented perpen-
dicular to bedding, but parallel to their strike. These joints corre-
spond to strike-parallel joints or bc-joints. Additionally, shear
fractures are locally observed and show orientations of 340/60,
000/80 and 150/80.4.2. Quartz veins: geometry and orientation
Quartz veins are abundantly present in the RMN area and occur
both in the granitic rocks and in all lithologies of the Mesoproter-
ozoic metasediments, from metapelite to quartzites. However,
most quartz vein occurrences, as well as all larger mine concessions
(Duha, Musha, Ntunga, Bicumbi and Nyarusange), occur in the
Fig. 4. Orientation data (A) Poles of major structural observations (B) Stereoplot of quartz vein poles (n ¼ 96). (C) Stereoplot of pegmatite poles (n ¼ 48).
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millimeters to 1 m. On the scale of the outcrops within the mine
site, no variation in vein thickness has been observed. A few veins
with a thickness up to 3 m have been observed. The length of the
quartz veins is variable. Some quartz veins occur as pods, while
others continue over more than 10 m. Most veins have a straight
and regular morphology. Few are more irregular, have a strongly
varying thickness or show many offshoots. At several locations in
RMN area (e.g. Nyarusange or Ntunga; Fig. 2), quartz veins cross-
cutting pegmatites are observed (Fig. 5B). Also examples of quartz
veins that are crosscut by pegmatites are present in the RMN area
(Fig. 5C). Two main types of quartz crystals are abundant: pure
transparent-white, blocky quartz and ﬁne-crystalline pale white,
saccharoidal quartz. The latter quartz type occurs as bulges, small
recrystallized grains or distinct subgrains along the grain bound-
aries of the pure transparent-white, blocky quartz. In the saccha-
roidal quartz, small apatite inclusions were observed. The coarse
white quartz with a blocky texture is the dominant type. The co-
occurrence of these two quartz types is interpreted as dynamic
recrystallization of the dominantly pure transparent-white, blocky
quartz by bulging and to a minor amount subgrain rotation. These
quartz textures indicate that a post-formational strain regime wasactive on the veins acting within the 300e450 C temperature
range (cf. Stipp et al., 2002). Black tourmaline also regularly occurs
associated with the quartz veins, mostly at the border of the vein or
disseminated in the host rock adjacent to the vein. Quartz veins can
be mineralized with cassiterite.
The orientation distribution of the quartz veins shows a girdle
distributionwith a steep attitude (Fig. 4B). Within this distribution,
two groups are observed. One group of quartz veins has an ENE-
WSW dip direction, while a second group has an approximate an
NNW-SSE dip direction. The ﬁrst group corresponds to veins that
have exploited bedding planes and strike-parallel joints perpen-
dicular to bedding. The second group is dominantly emplaced along
joints. The veins are not folded, hence they are interpreted to be
emplaced post-folding. Based on the similar composition and
texture of the quartz veins with different orientations we interpret
them to be cogenetic and thus formed in a similar stress regime.4.3. Pegmatites geometry and orientation
The pegmatites observed in the RMN study area are heavily
affected by kaolinitization of feldspars. Mineralogically, they are
composed of quartz, muscovite, kaolinite (replacing feldspars),
Fig. 5. (A) Asymmetrical kinkbands in metapelites of the Musha Formation at the Duha location. (B) Quartz vein crosscutting Nb-Ta-Sn pegmatite at the Ntunga location. (C) Nb-Ta-
Sn pegmatite crosscutting quartz vein at the Ntunga location. (D) Local domal EW fold exposed in the Bicumbi mine with indication of bedding measurements. (E) Outcrop of the
Bicumbi pegmatite (black lines) parallel to bedding (green lines) and fault (red line). (F) Conceptual sketch of the emplacement conditions of the Bicumbi pegmatite. (For inter-
pretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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also Varlamoff, 1969). Spodumene, lepidolite and traces of beryl
and amblygonite have been reported during former underground
mining activities (Varlamoff, 1969). Quartz occurs as quartz pods
and as cores in the center of some of the pegmatites. Mica can be
present dispersed throughout the pegmatite or concentrated at the
boundary between pegmatite and host rock. The color of the micas
varies from transparent white-grey to bright green. No tourmaline
or biotite was found in association with pegmatites. Sn-Nb-Ta
mineralization is present as disseminated phases of cassiterite,
columbite-(Mn), tantalite-(Mn) and wodginite (Varlamoff, 1969;
Melcher et al., 2015). Internal zonation, with the exception of
some cases of quartz cores, was not observed. The thickness of the
pegmatites varies from a few centimeters to 5 m. Pegmatites canoften be continued over the entire outcrop and can attain lengths of
several decameters. The dimensions of the pegmatites is generally
larger compared to the quartz veins.
Almost all pegmatites occur in the eastern ﬂank of the Bicumbi
syncline. East of the granite, pegmatite bodies occur in the eastern
ﬂank of the Karehe anticline. All are closely associated with the
Lake Muhazi granite. The host rock of the pegmatites can be either
the granite or the metasediments. Most pegmatites were observed
in the Musha Formation, a few occur in the granite and in the
Nyabugogo and Nduba Formations (Fig. 2A).
Similar to the quartz veins, pegmatite dike orientations show a
steep attitude girdle distribution (Fig. 4C). Pegmatites have a rather
steep dip (>50). Exceptions are the smaller pegmatites crosscut-
ting a quartz vein in the Nyarusange mine and a bedding-parallel
N. Hulsbosch et al. / Journal of African Earth Sciences 134 (2017) 24e32 31pegmatite in the center of the Karehe anticline, where bedding is
almost horizontal. The orientation analysis shows a clustering for
pegmatites with an E-W dip direction, similar in attitude to the ﬁrst
group of quartz veins. This preferred orientation of the pegmatites
is explained by their general bedding-parallel attitude. Indeed
many observations of pegmatites reactivating bedding planes were
made throughout the study area (Fig. 4A and C). Most pegmatites
were observed in theMusha Formation, consisting of an alternation
of metapelites, metasiltstones and metasandstones.
In the Bicumbi Mine several cases of pegmatites displaying a
sudden change in orientation were observed (Fig. 5E and F). At
these locations, examples were observed of pegmatite bodies
exploiting bedding, but laterally switching its orientation along
perpendicularly oriented fault planes striking approximately N50E.
The lack of shear-related markers within the pegmatite veins in-
dicates that their emplacement was post-dating fault formation.
The minor cluster of pegmatites with a NW-SE orientation corre-
sponds to pegmatite orientations exploiting pre-existing fault
planes.
5. Discussion
The Rwamagana-Musha-Ntunga area is on a regional-scale
structurally shapen by the occurrence of ~NW-SE upright fold
sequence. Superimposed on this regional NW-SE structural grain,
EW-orientated cross folds developed locally. Superposed fold ge-
ometries could originate during two distinct deformation events
(cf. Ramsay, 1967). However, due to the local nature of the EW cross
folds and the lack of an associated cleavage, we suggest that the EW
cross folds are caused by a deviating stress state acting during the
main compression stage and are not related to a secondary, over-
printing deformation (e.g. Treagus and Treagus, 1981). According to
Ramsay (1967) interfering, superposed folds can develop in a
constrictional strain regime during the main compression stage
with the development of non-cylindrical folds (cf. Bicumbi syncline
and the Karehe anticline: section 4.1.1.).
The occurrence of quartz veins along the bedding is a conse-
quence of the structural weakness of the planes caused by litho-
logical alternations. Bedding planes are reactivated upon quartz
vein emplacement. The typical occurrence of the quartz veins but
also pegmatites along preferential places of structural weakness,
such as the bedding and cleavage planes and fractures, is wide-
spread in the Karagwe-Ankole Belt (Pohl et al., 2013; Muchez et al.,
2014; Dewaele et al., 2016). The latter discontinuities are hypoth-
esized to be dilated during the intrusion of the G4 granites and the
related uplift of the area (Muchez et al., 2014). The bedding-parallel
veins indicate that initially ﬂuid pressures were higher than the
vertical lithostatic stress. This is also observed elsewhere in the
Rwandese KAB (e.g. Nyakabingo W deposit; Pohl et al., 2013). The
role of lithology is a key parameter in the geometry and distribution
of the veins. Abundant veins are observed in the Musha Formation
which is composed of an alternation of quartzitic/metasandstone
and metapelitic layers. The presence of quartz veins in joints in
competent layers was already noticed by Slatkine (1967) and
Varlamoff (1969). The joints have a parallel strike, but perpendic-
ular dip, to the bedding orientation and can therefore also be
classiﬁed as strike-parallel or bc-joints. During granite intrusion,
these joints reopened and formed excellent pathways for the
mineralizing ﬂuids. The ﬂuid-assisted opening or reactivation of
the pre-existing joint set is driven by hydraulic overpressures (cf.
Cox, 2005). Most quartz veins in joints were observed in competent
lithologies (quartzite of the Nduba Formation and metasandstone
of the Musha Formation) and have a straight morphology. Very
ﬁne-grained rocks such as shales with intense cleavage develop-
ment, are less suitable for the initiation of bc-joints.The steep EW veins (38% of the quartz vein orientations
measured) could likewise be interpreted to result from reactivation
of a regionally present EW-oriented joint system. However, barren
joints or fractures (i.e. not ﬁlled with quartz) with a steep EW
orientation were only exceptionally observed. Therefore it is more
likely to interpret the EW-joints as being initiated upon quartz vein
emplacement, due to a high ﬂuid pressure and inﬂuenced by the
regional stress regime (cf. Van Noten et al., 2011). The orientation of
these joints indicates a subvertical s1 and NS-oriented s3. In
combination with the reactivation of N20W-bedding planes, this
suggests that s1[ s2 x s3 and helps explain the girdle distri-
bution observed in the quartz vein orientation data. The inferred
stress distribution is based on the co-existence of these two sets of
subvertical veins, which have a mutually orthogonal orientation
(one parallel to S0, one perpendicular to S0). Their co-existence
(Fig. 5B and C) implies that the stress regime was extensional
(subvertical s1), since the maximum principal stress axis must be
co-planar to both vein sets. In addition, the observation that both
sets have distinctively developed indicates that s2zs3 (Cosgrove,
1995).
Similarly to the quartz veins, lithological alternations in the
Musha Formation and the associated planes of structural weakness
provide preferential intrusion planes for pegmatite emplacement.
As was the case for the quartz veins, some steep ~ EW-oriented
pegmatites were observed, which could represent initiation upon
emplacement. Again, this indicates a subvertical s1 and a NS-
orientation of s3. The girdle distribution of the pegmatite orienta-
tion data also suggests that the two subhorizontal stress vectors (s2
and s3) had a similar magnitude which is signiﬁcantly lower than
s1. It is not clear why the EW-orientation is less dominant for
pegmatites compared to quartz veins.
The observation that the mineralized pegmatites crosscut and
are crosscut by the quartz veins indicate that they are largely
contemporaneous (Fig. 5B and C). The stereopgraphic analysis
further suggests that they formed in the same stress regime. Pre-
existing discontinuities and the regional stress regime form the
two most important controls on the emplacement of both peg-
matites and quartz veins in the RMN study. The subvertical orien-
tation of s1 indicates that the emplacement of the pegmatites and
quartz veins was post-compressional.
6. Conclusion
In the Rwamagana-Musha-Ntunga area, the pegmatites and
quartz veins associated with the G4-granite are emplaced within
the same, post-compressional stress-regime. Two main factors
control the emplacement of pegmatites and quartz veins. The ﬁrst
control concerns the reactivation of pre-existing discontinuities.
Numerous bedding-parallel pegmatites and quartz veins are pre-
sent. Also some thin quartz veins in joints perpendicular to the
bedding occur. These bedding-controlled (~N20W) discontinuities
were reactivated upon emplacement of the pegmatites and quartz
veins. The orientations of these pegmatites and quartz veins can be
related to an extensional stage succeeding the formation of large
regional N20W folds present southwest of the Lake Muhazi granite.
The reactivation is strongly linked with the lithology. Many quartz
veins and almost all pegmatites are hosted by the Musha Forma-
tion. This formation is characterized by typical decimeter- tometer-
scale alternations of metapelites, metasiltstones and metasand-
stones. These alternations form structural planes of weakness,
which facilitate reactivation and result in the abundant occurrence
of bedding-parallel pegmatites and quartz veins in the Musha
Formation. This factor is less present in the sandstone-rich Nya-
bugogo, quartzitic Nduba and metapelitic Bulimbi Formations.
Bedding-perpendicular joints occur in competent lithologies. This
N. Hulsbosch et al. / Journal of African Earth Sciences 134 (2017) 24e3232has the consequence that bedding-perpendicular (strike-parallel)
quartz veins aremainly present in themetasandstone and quartzite
units of the Musha and Nduba Formations. The second structural
control originates from the regional stress regime. Several peg-
matites and abundant quartz veins with a steep EW-orientation are
present. These pegmatites and quartz veins are therefore inter-
preted as being initiated upon emplacement under inﬂuence of the
prevailing regional stress regime. This post-compressional stress
regime is characterized by a subvertical s1.
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